In this paper we present the mechanical and control design of a magnetic tracked mobile robot. The robot is designed to move on vertical steel ship hulls and to be able to carry 100 kg payload, including its own weight. The mechanical components are presented and the sizing of the magnetic tracks is detailed. All computation is embedded in order to reduce time delays between processes and to keep the robot functional even in case of signal loss with the ground station. The main sensor of the robot is a 2D laser scanner, that gives information on the hull surface and is used for several tasks. We focus on the welding task and expose the control algorithm that allows the robot to follow a straight line for the welding process.
Introduction
In the advanced manufacturing area, one challenge is to extend the use of autonomous or collaborative robots in several industries such as car companies, plane and ship building or renewable energies. Whereas most of the innovations deal with traditional or mobile robot arms in classical manufacturing plants, another source of productivity can be found in more exotic locations: large structures such as an aircraft or a ship indeed have their own constraints when it comes to mobile robotics. In this work we design a mobile robot able to navigate on vertical steel surfaces such as ship hulls. The robot can perform various tasks, either autonomously or in tele-operation depending on the complexity. Currently, hull welding is performed manually by a welder mounted on a boom lift or scaffoldings. This is both dangerous and costly, as the typical size of a ship is some hundred meters length and a few tens of meters high. Besides, due to the thickness of the hull, several passes have to $ c 2018. This manuscript version is the accepted preprint and is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ Email address: olivier.kermorgant@ec-nantes.fr (Olivier Kermorgant) be performed (up to 10). A typical ship thus requires several kilometers of straight line welding. Human welder expertise is far from being fully exploited in this task, and it can benefit from an autonomous process. The stakes for the ship builder are to reduce lifts or scaffoldings use, and to have their welders available for more complex tasks such as corners or welding in small places where adaptability is crucial. This task requires the accurate positioning of an embedded welding torch. The torch is carried by a 2-degrees of freedom arm located at the rear of the robot and benefits from laser scanner feedback for the analysis of the welding joint. The motion law of the torch is not detailed and we focus on the capabilities of the vehicle in terms of alignment and positioning with regards to the welding joint, which drives the position of the welding torch. Absolute localization on the hull, or longitudinal positioning along the welding joint, are not considered in this work. Welding results are presented to show the reliability of the process.
Most of the works on climbing robots focus on mechanical design and adhesion principle. A survey [1] indicates that the two most popular approaches for climbing robots are the use of suction force and, when the surface allows it, magnetic force.
A suction-based climbing robot was presented in [2] for the inspection of radioactive cylindrical tanks. The payload is only 3 kg. Alternatively, in [3] a quadruped walking robot is presented with suction pads at each of the 4 contact links. The control of such a robot is of course quite tedious.
In [4] a low cost wall climbing robot is proposed. Classical tracks are used with a vacuum pump that increases the grip on the surface. The payload of this robot is only 500 g. Magnetic force-based robot may use electromagnets [5, 6] , which are interesting as they can be activated at will and increase the control possibilities of the platform. On the other hand, permanent magnets can be use with magnetic wheels [7, 8] . The main advantage is that no energy is spent on the adhesion, but it makes the control more difficult and requires more power in order to cope with the friction between the wheels and the surface. A magnetic tracked robot is presented in [9] with an emphasis on the sizing of the magnetic pads. The goal is to perform oil tanks inspection with manual control of the robot.
Alternative technologies to suction and magnetic forces have been investigated. In [10] ,thermoplastic adhesive bonds are used instead of magnets or suction pads. Even if it leads to a very high payload, the number of cycles is limited and this would induce too many maintenance operations for the ship industry. Another technology has been proposed for non-magnetic wall climbing [11] , but again the payload is only 100 g and the control is not automated.
High-payload wall climbing robot designs are proposed in [12, 13] . Here the vehicle is equipped with wheels and an adjustable magnet allows the control of the adhesion force, allowing up to 50 kg payload. Although the robot is designed for welding, no performance analysis is done for the arm positioning and the control also seems to be manual. Another manually-driven robot is proposed in [14] , using magnetic tracks for hull inspection.
In our case, safety imposes that the robot should not fall even in the case of power failure. In addition, the robot is designed to work on ship hulls. That is why we chose magnetic tracks, even if as we will see it leads to constraints on the navigation part.
Most of the mentioned robots assume manual control. On the opposite, in [15] a magnetic robot is proposed with a laser feedback for autonomous inspection. The design is similar to [13] with wheels and adjustable permanent magnets. The laser feedback is similar to our case, though we need a higher accuracy due to the welding task. Navigation are usually not studied for tracked vehicles, as their autonomous modes are often used in large areas where GPS feedback is available and where rough accuracy is enough [16] . Improving open-loop odometry relies on the study of the track-soil interaction [17] which may not be enough for welding.
In this work, we focus on the laser feedback from [18] , that proposes several trajectories for the welding torch that can be computed from the welding joint 2D profile. This approach is classically used for non-mobile welding robots [19, 20] or robot that switch between motion and welding [21] .
Compared to previous works, we propose a whole mechanical and control design for autonomous hull welding. The prototype has been tested on real ship hulls, which has revealed that the key feature is the autonomous line following in order to ensure accurate positioning of the welding torch.
We exploit the laser feedback needed for the welding, to perform joint tracking. For cost reasons only one laser scanner is considered on the robot. The contribution lies in the design, control law and state estimation of the mobile base. In Section 2 the general design and components of the robot are detailed. We also focus on the main mechanical challenge, that is the magnetic caterpillar. The control architecture is then presented in Section 3, with the design of an estimator and control law to perform welding joint tracking. Experiments on joint tracking and welding results are then presented in Section 4.
Overall design
In this section we detail the mechanical design and the components of the robot. The starting point for the sizing of the platform was the weight and payload that directly impact the number of magnets, hence the general size of the robot. The current form factor is 80 cm length and 50 cm width, with 100 kg total weight including the weight of the external cables (power supply and welding torch cable). The robot structure is composed of aluminum. A 600 W external power supply delivers 3x48 V. We first list the robot components before detailing the sizing of the magnetic track.
Components
The prototype is shown in Fig. 1 . The laser scanner is hidden behind a protective layer. On the rear panel (bottom), the embedded controller is visible with its modules wired to the other pieces of hardware. At the center of the robot is the 2-degrees of freedom arm equipped with a functioning welding torch.
On-board computer
The controller is a National Instruments CompactRio. It features a dual-core 1.33 GHz Intel Atom processor running a Linux real-time kernel. The CompactRio also features a Xilinx FPGA. All of the code is developed in Labview. The real-time kernel hosts most of the programs, except for the arm low-level controllers that run on the FPGA and the user interface that runs on a remote computer.
Continuous tracks and motors
The continuous tracks and their magnetic pads have been sized to carry the robot and its payload. The sizing is detailed in Section 2.2. The track has 24 pads in contact with the surface with 25 kg grip per pad. This induces a smooth motion without discontinuities, hence no disturbances on the welding process. The pads are composed with neodymium iron boron magnets protected by aluminum boxes, and are linked with a stainless-steel chain.
Each track is associated with a Motor Power Company brushless servomotor with an input voltage of 48 V. A planetary gear with 1:195 ratio then delivers up to 42 Nm torque at velocities up to 6 m/min. The motor speed drives have been tuned with the final payload in working condition (robot on a vertical hull) and allow a fast response to the velocity setpoint of the two tracks.
Although some works address the issue of servomotor cooling in a harsh welding environment [22] , this was not considered in the current prototype.
2-degrees of freedom arm
At the center of the robot a 2-degrees of freedom arm is mounted in order to control the position of the welding torch. Each axis is driven with a 24 V DC motor. The motors are driven through CompactRio modules allowing real-time position control and feedback. A first calibration step was needed to register the axis with regards to the laser measurement.
Laser scanner
The embedded laser scanner is a MEL scanner, with a measuring range of 84 to 204 mm and a max-imum width of 80 mm, which corresponds to an angle opening of ±15 o . The resolution if 0.06 mm in range and 0.14 mm in X-direction. The laser connects to the CompactRio with Ethernet and sends the X-Z position of 290 points at 100 Hz. During the welding process, some outliers appear in the laser scan due to the welding light. They can easily be filtered out.
Proximity sensors
As the robot may be placed on unfinished hulls, it could fall by simply moving out of its own contact surface. Four Sharp Infrared proximity sensors have thus been mounted at each corner. The voltage output is acquired by an analog IO module on the CompactRio. Again, during the welding some irregular measures happen but they can be eliminated through a hysteresis filter.
Welding process
In the current state of the robot, the welding torch is directly connected to the welding ground station through a cable that provides shielding gas and wire. On longer distances, it will be necessary to mount a wire subfeeder on the robot.
Magnetic track sizing
The main challenge of the mechanical design is the sizing of the magnetic tread. Indeed, safety protocols in the considered industry force a magnetic device to have a grip equal to at least five times its weight. This is due to the possibility of slippery surface in case of humidity or even rain. The robot also has to be able not to fall even in one caterpillar is broken. The considered robot and payload weighting about 100 kg, this means that each caterpillar has to have an attractive force of at least 500 kg. This is where the magnetic track strongly differs from a classical tracked vehicle. Indeed, the attractive force caused by the magnets is far greater that the sole gravity in the case of a vehicle moving on a horizontal plane. Rotational motions, which are induced by having the two tracks running at different velocities, imply that some of the pads are actually slipping on the contact surface. In our case, first experiments have shown that rotational motions can be perfectly performed on the ground but as soon as the robot is on a magnetic surface the attractive force is such that the chain is subject to very high efforts. This induces deformations in the chain and can also make it jump off the gear. In order to cope with this phenomenon, a minimal radius of curvature is imposed during the motion. As we will see in Section 3.2, the use of magnetic tracks also induces uncertainties during autonomous control. This aspect will be detailed in Section 3.3.
Finally, the presented sizing induces no slippery motion on wet hulls. In practice, the welding torch is protected from the rain, and the welding process heats the hull and dries out its surface around the robot position. We now present the software and control architecture of the robot.
Control design
In this section the general control architecture is presented. We then focus on laser-guided line tracking and present an Extended Kalman Filter used to estimate the angle between the robot and the welding joint.
General control architecture
As in multi-process software, the Labview design paradigm allows the definition of several parallel loops that interact through shared variables. The designed software is composed of the following loops:
1. The state machine is the core of the control architecture. Depending on the state of the system (manual control, welding process...) it sends different setpoints to the track motors and the arm. The state machine also includes the security checks based on the proximity sensors in order to cancel any motion making the robot fall off the hull. 2. Two user-interface loops at 50 Hz: one for the inputs and one for the display. 3. A loop for each sensor and actuator running at different frequencies depending on the hardware. The laser scanner loop typically runs at 100 Hz while the proximity sensors loop is only at 10 Hz. The low-level loops of the arm motors include cascaded PID for position or velocity control. 4. A low-level control loop for laser-based line tracking at 50 Hz. This is used during the welding process and does nothing if the robot is in another state.
The main states of the system are: • Manual : both the mobile base and the arm are manually controlled. This is used to perform the approach of the welding joint and to calibrate the arm.
• Alignment: here the vehicle automatically aligns with the joint at a given forward velocity. No welding is performed, the goal is to be sure the vehicle is aligned.
• Welding: in this state the vehicle has a forward velocity coming from the welding control and the angular velocity is controlled to stay parallel to the joint. The arm follows a YZ trajectory that is defined for the welding process.
• Return: when a welding pass is over the robot goes backward to perform another pass. The arm is motionless while the vehicle follows the welding joint in reverse.
The sequence between the main steps is described in Fig. 2 . A manual control is typically required to approach the joint and to move to the next one. Before actual welding, an automated alignment is performed.
We now detail the laser-guided joint tracking that is used during the Alignment, Welding and Return states. 
Laser-guided navigation
Laser-guided navigation is used during the welding process in order to ensure the robot stays parallel to the welding joint. Only the angular velocity ω is controlled, as the linear velocity v is imposed by the welding process.
Other strategies for line tracking include vision [23] and trajectory tracking [24] . In the considered environment, vision is however unreliable due to light conditions and poor contrast between the hull and the joint. Trajectory tracking requires a global frame where the robot and the trajectory are defined. Here the only exteroceptive sensor is a laser and cannot reconstruct the absolute pose.
Assuming the robot lies on the welding joint, the embedded laser provides the joint profile that can be processed to extract feature points. A typical profile is represented on Fig. 3 with a seam of approximately 3 cm width × 2 cm depth. The raw profile is first smoothed with a Savitzky-Golay filter [25] . For joint tracking, we are interested in extracting the two edges of the hull parts that are to be welded (red diamonds on the figure). These edge points are found by an iterative robust line fitting algorithm [26] on the hull. Line fitting is performed on an increasing number of (leftmost or rightmost) points. When the last considered points are systematically outliers for several iterations then the edge point is assumed to be the last inlier. Other methods have been proposed to perform weld joint detection and tracking [27, 28] Once the edges have been found, the barycenter of the joint is computed according to previous works [18] . Green's theorem is used to compute the position of the barycenter (green in Fig. 3 ). The barycenter is robust to small variations of the edges detection and is assumed to draw a straight line through the joint. Other features points, used to control the position of the welding torch, are also extracted but not displayed.
The general configuration of the robot with regards to the welding joint is shown in Fig. 4 . The origin O denotes the instantaneous center of rotation. Unlike classical unicycle robots [29] , the position of O is not known for tracked vehicles as angular motions imply that some pads are slipping while others are not. y is the distance between O and the joint, l is the distance between O and the laser beam and θ is the orientation. These values are linked through the equation:
Asẏ = v sin θ, the derivative of (1) is:
We now detail the continuous transfer function between the angular velocity ω and the distance d.
In the desired work configuration, the robot state is centered and aligned with the joint, and we can assume that for a particular configuration the force repartition on the tracks is stable and l does not vary. (2) is thus linearized around the position (y = 0,l = 0, θ 1):ḋ
The Laplace transform of (3) yields:
where s is the Laplace variable. The corresponding transfer function H(s) = D(s)/Ω(s) yields:
The system thus has two very different behaviors, depending on the moving direction v. 
Going forward
If vl ≥ 0 then the system is minimum-phase. This is the case during Welding state, as the laser scanner is located at the front of the robot (l > 0). A simple PID from d to ω is used to control the angular velocity, inducing high stability and precision as represented on Fig. 5 . Even if the system has a double integrator, another Integrator term is needed in the controller. Indeed, the radii of the tracks may be subject to small changes because of surface defects or accumulated iron filings on the magnets.
Going backward
If vl < 0 then it is non minimum-phase. This is the case when the robot has finished a welding pass and is going back to the starting point. The previous controller cannot be used since regulating d to 0 does not induce staying parallel to the joint, as represented on Fig. 6 . However, in this state we only aim at going back to the starting position while tracking coarsely the joint. Small variations on d are thus acceptable and we regulate an error composed of the distance d and an estimation of the angle θ:
where α is a tuning parameter. The corresponding transfer function yields:
We see that even if v < 0, the zero of H e is at −v/(l+α) and can thus be made negative by choosing α < −l. Actually, if we simulate a virtual laser located at l in the rear direction then the output d of this laser would be:
This is equivalent to (6) for small values of θ. Ensuring α < −l in (6) amounts to having l > 0 in (8) , which means the virtual laser is indeed at the rear of the robot. The forward control law can thus be used from this virtual laser, using a PID from e to ω. In order to use this controller an estimation of θ is required. We now present the Extended Kalman Filter that is used to do so.
Kalman filter for angle estimation
While the laser scanner provides very accurate measurement of the joint profile, it lacks the orientation of the robot which is needed during backward motion. An Extended Kalman Filter (EKF) [30] is thus used to estimate the missing value. The state of the robot is chosen as (v, ω, y, θ, l), and we assume no time variation for (v, ω, l) in the filter definition. The continuous formulation of the state transition model yields:
The available measurements are the position d of the joint barycenter in the laser beam and the encoders of the tracks which are considered in a differential drive model [29] . The observation model thus yields:
where (ω l , ω r ) are the angular velocities of the left and right motors, r is the track radius and b is the Laser scanner at the center welding torch at the back Figure 7 : Initial robot design. The laser is at the center, the welding torch is at the rear. Electronics integration was not done yet on this design.
distance between the tracks. The last equation is the same as (1). A classical Extended Kalman Filter is then used with the models (9) and (10) in order to estimate the orientation that is needed during the backward motion.
Experiments
In this section we present some results on autonomous line tracking. We first describe the experimental setup before analyzing the results. Finally, the actual welding is briefly exposed.
Experimental setup
In order to have the ground truth for the angle α and the robot state, a second laser scanner is located at the end of the robot. It is not used in the control law or in the state estimation. As described in Fig. 2 , the robot is first manually driven above the welding joint. The robot then goes through the following steps:
In the graphs, the state is indicated as FWD (Alignment / Welding) or BWD (Return). During the Alignment and Welding steps, the linear velocity is set to +0.02m/s and the steering is regulated through the PID described in Section 3.2.1. During the Return steps, the linear velocity is set to −0.04m/s and the steering is regulated through the PID described in Section 3.2.2. We are interested in the regulation of d and in the torch position error with regards to the joint. In practice, additional motion of the Y-Z axis is used to perform the welding but its performances mainly depend on the torch position error caused by an undesired angle between the robot and the joint.
Two robot designs are compared in order to detail the compromise that arise between the robot control and the torch positioning. The first one is shown in Fig. 7 and corresponds to the initial design of the prototype. The laser is at the center while the welding torch is at the rear of the mobile base. The idea was to reduce interactions between the welding process and the components of the robot (especially the laser and the computer). We will see that in this case the joint tracking is less satisfactory as a small angle induces a large lateral error on the welding torch. Besides, the welding process itself is not protected from external disturbances such as wind or a small rain. The final design hence corresponds to Fig. 1 , with a laser at the front and a centered welding torch. It is the current design of the prototype and we will show it leads to a smaller position error for the torch.
Initial design: centered laser, torch at the rear
In the initial design, the laser scanner is located near the center (l = 0.15m) while the welding torch is at the rear of the robot. Fig. 8a shows the estimation error of the distance to the welding joint y (blue), the robot orientation θ (green) and the distance l (red). The EKF presented in Section 3.3 allows a fine estimation of y and θ, but due to the large initialization error on l (0.05 m instead of 0.15) this value is not correctly estimated. As the value of l is quite small, it has few impact on the measurement model (10) which makes it difficult to estimate.
This does not prevent the robot from following the joint: Fig. 8b shows that d (joint center in laser scan) quickly reaches 0 in Forward motion. Indeed we have shown in Section 3.2.1 that the steering is stable when going forward. The welding torch being at the rear of the robot, its distance to the joint is highly dependent on the robot angle. Hence, high oscillations can be observed during the first Forward motion.
After 30 s, the robot is in Return state. It is visible on Fig. 8b that the distance d is not regulated to 0 according to (7) . The vehicle still roughly follows the line, despite the error on the estimation of l. We can see that the error on d increases while the torch position decreases. The vehicle thus roughly follows the joint and is able to get back to the starting position. After 60 s, the robot is in Welding state. As for the initial Alignment, because of the required steering to center the joint in the laser scan, the torch position error oscillates between -4 and +2 mm at the beginning of the welding. This would typically lead to a bad welding quality for the first centimeters. The position error then converges to 0 and the robot stays aligned during the end of the Welding and the tracking Return state. We now expose the results from the final design, that leads to a better torch position.
4.3.
Final design: centered welding torch, laser at the front In the final design, the laser scanner is located at the front of the robot (l = 0.50m) while the welding torch is near to the robot center. Fig. 9a shows the estimation of the distance to the welding joint y (blue), the robot orientation θ (green) and the distance l (red). The larger value of l makes it easier to estimate, and the estimation error reduces over time. As with the previous design, the estimation of y is not perfect but this does not prevent the robot from tracking the joint. As shown in Section 3.2, having the laser at the front improves the gain of the system when going forward. Hence both d and the torch quickly align during the first Alignment step as seen in Fig. 9b . Again, during the Return step between 30 and 60 s, the regulated parameter is a compromise between d and the angle, hence a small offset appears while the torch stays at the same distance to the joint. After 60 s, the Welding step begins and d is very quickly regulated to 0. The torch starts with a position error of 0.6 mm that converges to 0 without oscillations. This is within the acceptable error of 1 mm for the first pass on ship hulls. Once the robot is aligned, the torch position error is almost null which results in a very accurate welding process. This continues when going backward after 120 s: both the laser and the torch stay centered above the joint. In this analysis only 60 s forward and backward are demonstrated as the robot always stays aligned with the joint after this typical time period.
Comparing the performances of two designs reveals that from an automation point of view, and as shown in Section 3.2, the initial design induces lower performances both in terms of state estimation (larger estimation error on l) and in process quality (non desired oscillations of the torch before stabilization). The necessity to be able to stay aligned during the Return phases is caused by the small torch offset that may happen at the beginning of a new welding pass. From a process point of view, having the torch at the center of the robot actually protects the weld from external disturbances. The main drawback of the final design is that the welding is performed near to several robot parts (magnetic pads, tread wheels). As far as experiments revealed, no negative impact on the robot struc- ture was observed after having welded several tens of meters. We now present some welding results.
Welding results
Welding is performed by defining a simultaneous control of the 2-degrees of freedom arm and the robot forward motion, in order to have a 3D trajectory of the welding torch. The trajectory generation depends on the welding configuration (vertical or horizontal) and uses feedback from the joint profile measured by the laser scanner. The actual trajectories of the welding torch are adapted from [18] , they are not detailed due to confidentiality reasons. Depending on the configuration being vertical or horizontal, the trajectories may correspond to a constant forward velocity of the mobile base, or some motionless time periods. Similarly, the arm motion may be constantly oscillating between two values that are extracted from the joint profile, or stay motionless for some duration at particular positions. In order to ensure an optimal welding process, the vertical position control of the torch is regulated from the welding current feedback that varies positively with the distance between the torch and the weld point. In practice the vertical position update is computed through a PID provided by the torch manufacturer.
The resulting process for vertical configuration is shown in Fig. 10 . An interesting feature of the robot is that the joint profile is entirely scanned at each pass. Therefore, the complete evolution of the profile can be analyzed for process quality and optimization. Fig. 10a shows the complete 3D raw profiles for 10 welding passes of 1 m length. As discussed in Section 2.1.4, laser scan aberrations are visible and are due to the welding light. They are only a few peaks and can be filtered out. The highlevel welding strategy is visible on Fig. 10b . Here 10 consecutive passes are represented using the mean profile along the joint. We can see that depending on the current profile, the welding strategy is to fill only a part of the joint. The final pass is wider and covers the whole joint, even if more material is dropped on the right part of the joint. This strategy is based on numerous exchanges and discussions with welders and previous work in [18] . The visual aspect of the final pass can be seen in Fig. 11 . As expected, the weld is very regular along the joint, which helps the quality assessment of the process.
Conclusion
We have presented a new robot designed to perform varying tasks on ship hulls. The mechanical design was exposed and is still being adapted to the latest experimental results. Compared to previous works on wall-climbing robots, one objective of this project is also to prove that autonomous welding can be performed on long distances. To do so, a control law based on the laser feedback was designed and makes the robot autonomously weld several passes. As shown in Section 3.2, the performances in forward motion are accurate enough to track a reference trajectory. Another solution would be to use additional sensors but cameras are difficult to use during welding, and another laser scanner is not possible within the targeted price of the system. Future works on this project now focus on improving welding quality through better laser-based welding torch trajectories. To reduce the twist effort on the chain, using two chains per track is also investigated. Inspection of welding quality typically has to be done several hours after the welding [31] , hence another mobile base may be equipped with inspection sensors while the welding robot works on another part of the hull. Finally, a strong limit of the prototype is of course that it is suited only for straight joints. However, ship builders currently spend most of their welding time on these joints. The proposed approach hence allows to automate this task while human welders cope with much more complex configurations.
